Nitrogen oxides (NOx) are important air polluting gas species. The emission of nitrogen oxides from industrial plants is strictly regulated in most industrial countries around the world and the emissions limits have been and will be lowered further in the future. Therefore it is important to know typical emissions values of processes like electrical steelmaking. In a second step it is also vital to investigate measures to control and reduce the NOx emissions of the electric steelmaking process. This will ensure the ability to compete with other steel production technologies and also with alternative production sites. In this paper the results of measurements and trials regarding the formation of NOx in the electric arc furnace (EAF) are reported. The measurements and trials have been conducted at two European industrial EAFs and their goal was to investigate the influence of current and modified operational practices on the emission of NOx at these EAFs. The results of the work performed have lead to control strategies to minimize NOx formation within the electric steelmaking process.
Introduction
On the background of competing steel production technologies with different impact on the environment on one hand and world-wide competing production sites with different legislative frameworks on the other hand, sustainable development, especially minimum emission to the environment is substantial for the EAF process. Besides carbon dioxide, nitrogen oxides NO x (x = 0.5, 1, 2) gas species are the second most abundant air polluting gas species from the electric arc furnace process. Relatively high NO x emissions of the EAF in comparison to other steel production technologies ( Fig. 1) are not surprising due to the very special conditions for NO x formation.
The electric arcs in the EAF operate occasionally in oxidizing gas atmosphere and they lead to plasma temperatures of up to 10 000 K, ionizing infiltrated air und forming NO x gas species in the arc. Additionally there is high temperature post combustion with air or oxygen in the furnace freeboard and primary off-gas system of the EAF accounting for additional NO x formation. If installed, oxy-fuel gas burners provide additional NO x formation at high temperatures (thermal and prompt NO x formation). Furthermore the combustion of nitrogen from coal can lead to formation of fuel-NO x . Figure  2 schematically shows the NO x sources at the EAF. The plasma temperatures in the arc of up to 10 000 K force ionisation of infiltrated air and formation of NO x gas species, if oxygen is in excess (see Eqs. (1) to (3)). Oxy-fuel gas burners provide NO x formation at high temperature (thermal and prompt NO x formation). The external post combustion of CO gas emitted by an oxygen deficient furnace may cause once more formation of thermal NO x in the first unit of the dedusting system (cf. Fig. 2 ), since post combustion temperatures at the elbow may exceed 2 000 K. 5, 6) . with: N atomic nitrogen N * atomic electrical excited nitrogen molecular electrical excited nitrogen The mechanism for the formation of thermal NOx, also known as extended Zeldovich mechanism, is given by the Eqs. (4) to (6) . The formation of prompt NOx is more complex and controlled by the formation of CH radicals. The CH radicals react with nitrogen to HCN and the HCN is then reacting in several subsequent steps to NOx according to Eq. (7). The prompt NOx formation is because of the CH dependency strongly controlled by local fuel concentration. In the EAF it is usually less relevant than thermal NOx. Combustion of nitrogen from coal leads to formation of fuel-NOx (cf. Eq. (8) With respect to increasing EAF productivity, it is desirable to avoid primary formation of NOx by controlled operation of the EAF. Initial work on this topic has been conducted and described in the previous reports. 7, 8) Within the scope of this publication further measurements at two industrial furnaces have been conducted. The objective of these measurements was to determine the impact of current injector and burner technology on NOx emissions under industrial operation conditions and to deduce and test control strategies to minimize NOx formation.
Measurements and Trials
The measurements have been carried out at two European industrial AC EAFs with varying injection technology and operation conditions. EAF 1 is a 130 t furnace with an installed transformer power of 105 MVA producing stainless and carbon/tool steel grades. The furnace is equipped with a lance manipulator for oxygen, coal and dust injection into the melt. EAF 2 is a twin-shell 80 t furnace with an installed transformer power of 43 MVA used for the production of construction steel. This second EAF is equipped with an eccentric bottom taphole (EBT) burner for oxygen injection as well as a gas injection system working as gas burner and for the injection of coal and oxygen into the melt.
The off-gas has been sampled with water-cooled equipment from sampling point 1 at the gap between furnace elbow and primary dedusting system to measure the furnace off-gas directly without further dilution by post combustion air. Sampling point 2 was set downstream after complete post combustion in the dedusting system (cf. Fig. 2 ). The layout of the complete off-gas analysis system combined with temperature measurement is shown in Fig. 3 . The analyzer unit consisted of an infrared absorption analyzer for CO and CO 2 measurement, a paramagnetic O 2 analyzer and a chemiluminescence detector for NO x measurement. All measurement data were recorded continuously.
After initial measurements to establish a basic dataset, trials have been conducted to investigate the influence of specific operational parameters on the NO x formation in the EAF. At EAF 1 during stainless steel heats oxygen is injected to refine the steel. When producing carbon/tool steel, oxygen, dust and coal are injected. The oxygen is used to accelerate the meltdown process and to increase the chemical energy input. The carbon is injected to foam the slag and to also increase the chemical energy input. The dust injection into the EAF is used for the enrichment of alloying elements level during steelmaking in the entire dust amount. The dust and coal are injected into the slag layer with compressed air as carrier gas. To reduce the supply of oxygen to the furnace the use of nitrogen as carrier gas has been tested. In additional trials the amount of injected carbon and the oxygen injection procedure have been varied. At EAF 2 the gas injection system is used for chemical energy input during meltdown and also for oxygen injection during the slag foaming phase. At this furnace particularly the influence of additional coal injection through the burner flame of the gas injection system as well as the effect of the injection ratio of oxygen to methane in this burners on NO x formation has been investigated.
Results

Results of Initial Meaurements
To exemplify the developing of off-gas concentrations over a heat Fig. 4 shows off-gas measurement and operational data for a stainless and a carbon steel heat at EAF 1. The main differences between stainless and carbon steel production are the different use of oxygen and the slag foaming during carbon steel production. During stainless steel making the power on period is clearly separated from the oxygen lancing. After oxygen lancing there is a short period of power on. For the carbon steel heats the power on period and oxygen lancing/dust injection are not separated. This different operational practice leads to higher NO x formation during stainless steel production accompanied by a lower CO production and higher oxygen content in the furnace atmosphere during stainless steel making. An exemplary evolution of off-gas and temperature measurement data at EAF 2 is given in Fig. 5 . In the figure NO x peaks of up to 3 . Layout of the off-gas analysis system. © 2011 ISIJ 1 300 ppm can be distinguished during the heat as well as off-gas temperatures of up to 1 800°C. The influence of the CO and O2 content of the furnace atmosphere on the NOx content can also be deduced from Figs. 6 and 7. According to Fig. 6 in a sample heat high amounts of NOx have only been measured at very low CO concentrations. An increase of the CO content leads to a steep decline of the NOx content in the off-gas, which can be explained by the ability of CO to reduce NOx. Figure 7 on the other hand shows that a high NOx content in the offgas is correlating with a relatively high O2 concentration in the furnace. If the O2 concentration is reduced to below 5% there have been measured less than 40 ppm of NOx in the off-gas.
In Table 1 average values for the investigated heats of the EAFs regarding operational data like electrical energy, oxygen and methane input are given as well as time-averaged values for the measured off-gas composition and off-gas temperature. The data in the table shows that EAF 2 is using less electrical energy than EAF 1 by substituting electrical energy with chemical energy (CH4 and higher O2 input). For EAF 1 the difference between stainless and carbon steel production can also clearly be seen. A lower mean CO content in the off-gas correlates with a higher mean O2 and NO content in the off-gas during stainless steel production because of the missing foaming slag. The foaming slag practice during carbon steel production leads to a by one third reduced mean NO content of the off-gas. The combined results of the initial measurements are shown in Fig. 8 as specific NOx emissions against the specific carbon content of the off-gas. The specific NOx emissions of EAF 1 are in the range of 0.02 to 0.083 kg/tsteel with an average of 0.038 kg/tsteel, whereas the emissions of EAF 2 are in the range of 0.005 to 0.053 kg/tsteel with an average of 0.025 kg/tsteel. 
Results of Trials at EAF 1
After these initial measurements trials have been conducted at EAF 1 to establish the influence of the amount of carbon blown to NOx emissions. The Figs. 9 to 11 show three different trials with no carbon, 0.43 kg/t and 2.12 kg/t carbon added. The figures show the actual NOx emissions as well as the development of the integrated specific NOx emissions against the course of the trial heats. As can be seen in Fig. 9 a heat without carbon addition leads to distinguished peaks in the actual NOx emission which correlate with the arc ignition. The NOx formed during the heat adds up to 0.037 kg/tsteel for this trial. Figure 10 shows that with the addition of carbon the actual level of NOx emission is much lower and also the total amount of NOx produced is only about half the amount (0.018 kg/tsteel) of the prior trial without carbon addition. The last trial with an addition of carbon of 2.12 kg/tsteel (Fig. 11) shows only small differences in the actual NOx emission level and the same value of 0.018 kg/tsteel for the total specific NOx emissions of this trial heat. Since carbon addition for slag foaming is only done for carbon heats at EAF 1 the effect described above can also be seen, when examining the specific NOx emissions against the specific carbon content in the off-gas distinguished by the steel grade of the heats. This is illustrated in Fig. 12 . It can clearly be seen, that carbon/tool steel heats show a higher specific carbon content in the off-gas because of the carbon addition to foam the slag and also lower specific NOx emissions (average 0.012 kg/tsteel). Whereas for stainless steel heats these circumstances are reversed, which leads to an average specific NOx emission of 0.031 kg/tsteel, which is twice the amount of carbon steel heats.
The results of the trials regarding a delayed oxygen injection show that the change of the oxygen lancing programme for carbon steel heats is beneficiary for lower NOx emissions. Figure 13 shows a sample carbon steel heat with the standard programme for oxygen injection. Shortly after arc ignition the oxygen lancing starts. To operate the oxygen lance it is necessary for the slag door to be open. For the heat given this circumstances result in a NOx peak of up to 200 ppm at the beginning of the heat. For the trial heat shown in Fig. 14 the oxygen injection has been delayed for 5 minutes after arc ignition. During this time the slag door also stayed closed. The NOx peak resulting from arc ignition is reduced to less than half (70 ppm) by this trial programme. The trials carried out at EAF 1 regarding the influence of the carrier gas have lead to different results. While the injection of dust with nitrogen instead of compressed air is resulting in higher CO and lower NOx concentrations in the off-gas, the injection of coal with nitrogen has no advantages with respect to NOx emissions. Using nitrogen instead of compressed air for the dust injection, it was possible to reduce the maximal NOx emission in this phase from 38 ppm to about 14 ppm for a trial heat.
Results of Trials at EAF 2
At EAF 2 the influence of additional coal injection through the burners of the gas injection system on NOx emissions has been tested. For the trials the carbon injection has been increased from a maximum of about 8 kg/t in standard operation up to about 12 kg/t, as can be seen in Fig.  15 . The figure also shows that this increase of injected carbon has no influence on the specific NOx content of the offgas. This is in agreement with the results obtained from the coal injection trials at EAF 1.
In the second trial conducted at EAF 2 the influence of the ratio of injected oxygen to methane in the burners of the gas injection system on NOx formation has been investigated. The gas injection systems uses an annular oxy-fuel flame shroud to surround the main oxygen jet. The injection ratio 9) where ri is the injection ratio and and are the amounts of O2 and CH4 injected into the EAF by the gas injection system. The injection ratio in standard practice for the investigated EAF is ri = 20, which means that the amount of injected oxygen used for oxy-fuel flame and main jet is 20 times the amount of injected CH4 during a single heat. For the trials the injection ratio was reduced by one quarter to ri = 15. Figure 16 shows the results for trials with a reduced injection ratio of 15 and the standard ratio of 20. At a reduced injection ratio of 15 the oxygen supply in the furnace freeboard is reduced. This can also be seen by the changed ratio of the specific CO to CO2 content in the offgas. There is less CO2 and more CO in the off-gas. Therefore the reduced injection ratio also leads to a reduction in specific NOx emissions of about 30% in these trials. An additional series of trials with a total of 36 heats with standard and reduced injection ratio could demonstrate that the reduction of the injection ratio from 20 to 15 has no negative effect on production but instead leads to saving oxygen, production time and specific electric energy demand.
The combined results of all measurements evaluated during the project are presented in Fig. 17 . The average specific NOx emission for EAF 1 has only slightly changed 
Discussion
The results of initial measurements and trials have shown that the practice of carbon injection for slag foaming for carbon/tool steel grades is beneficial for control of the NO x emissions of the EAF. Carbon injection leads to a CO rich and O 2 lean furnace atmosphere, which is greatly reducing the amount of NO x leaving the furnace. However the trials have shown that additional carbon injection, whether by lance at EAF 1 or through the gas injection system at EAF 2, has no further positive effect on the NO x emission of the EAF. Concerning the production of stainless steel the foamy slag practice and therefore the injection of carbon is not used because the usual slags in stainless steel production are not foamable. This is leading to considerably higher NO x formation for stainless steel heats. Apart from other positive effects of the foaming slag practice on the EAF process with respect to NO x emissions new developments in foamy slags for stainless steel should be evaluated constantly and put into operational use as soon as possible.
The use of oxygen during carbon/tool steel heats could also be optimized with regard to NO x emissions. To speed up the meltdown the oxygen lance is used like a cutting torch at EAF 1. In the regular programme the oxygen lancing therefore starts shortly after arc ignition. This start of the oxygen lancing has been delayed by about 5 minutes after arc ignition for the trials. It could be shown that the delayed oxygen injection leads to a reduced NO x formation. The peak of NO x concentration typical for arc ignition in an oxygen rich atmosphere has been considerably lower for the trial (70 ppm instead of 200 ppm). The investigations regarding the influence of the injection ratio showed at EAF 2 that a reduced injection ratio, leading to a reduced oxygen supply in the furnace freeboard, results in lower NOx emissions. A reduction of the ratio from standard practice of 20 to 15 leads to a reduction of NOx emissions of about 30%.
Conclusion
Concluding the initial measurements and trials presented in this publication can be used to phrase best practices in order to minimize NOx emissions at the EAF:
-Use of carbon injection, e.g. for slag foaming, if possible to create a CO rich and O2 lean NOx reducing atmosphere.
-Injection ratio as low as possible without negative influence on the process.
-Use of an inert carrier gas for dust injection into the furnace to decrease the oxygen supply.
-Delaying of oxygen injection for some time after arc ignition to prevent arc ignition in oxygen rich furnace atmosphere.
All these measures can be used to reduce the oxygen content of the furnace atmosphere or to create a CO rich NOx reducing atmosphere. Each of these methods has been shown to be useful in reducing the NOx emissions of an EAF.
